The application of group III-nitride semiconductors in highly efficient light emitter devices with a spectral range from ultraviolet to green progressed extremely fast. 1 Nevertheless, these materials are not well understood yet. In particular, defects play a critical role and the types of defects found in group III-nitrides are usually not present in conventional semiconductors in relevant concentrations. The importance of defects arises from the lack of large commercially available bulk substrates.
2, 3 Hence, the epitaxial device structures have to be deposited on lattice-mismatched and thermalmismatched substrates or on pseudo substrates which themselves were nucleated on mismatched substrates. 4 In both cases, the mismatch induces dislocations and other defects in high concentrations, which need to be reduced for improved optoelectronic properties.
1, 5, 6 Therefore, large efforts were made primarily in order to reduce the concentration of the threading dislocations by influencing their line direction by, e.g., epitaxial lateral overgrowth, patterning with semipolar facets, and/or interlayers. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Some of the threading dislocations do, however, still continue to propagate along growth direction, penetrating through the whole epitaxial layers. Such threading dislocations as well as dislocations which can nucleate during growth instabilities, may give rise to three-dimensional inverted pyramidal pits (also called v-shaped defects), which occur at the intersection points of dislocations on the growth surface. [18] [19] [20] [21] After overgrowth, the inverted pyramidal pits form three-dimensional v-shaped defects extending along growth direction. [18] [19] [20] [21] [22] [23] The v-shaped defects introduce deep traps 23 and interact with the dislocations in their vicinity during overgrowth, reducing the dislocation concentration. 24 Hence, it is important to understand how the v-shaped defects propagate through the epitaxial layers during (over)growth.
In this Letter, we investigate the spatial meandering of v-shaped defects in GaN(0001) epitaxial layers grown along the c-direction using cross-sectional scanning tunneling microscopy (STM). We demonstrate that the v-shaped defects have an average orientation along the c-growth direction, but lateral jumps of up to 0.7 lm occur. This pronounced meandering of the v-shaped defects is attributed to a meandering of dislocations around which the v-shaped defects form.
In order to visualize overgrown v-shaped defects in cross-sectional STM (XSTM), we utilize an n-type doping modulation along the c-(growth) direction within the epitaxial GaN layers. 23 The doping modulation used in our samples is similar to that in Ref. 25 but with different thicknesses of the layers. This doping modulation is visible in XSTM images (Ref. 25) and is used to identify the positions of vshaped defects after overgrowth by pure GaN. STM is perfectly suited to image shallow potential fluctuations over large fields of view, since the tunnel current is extremely sensitive to small changes of the Fermi energy (or potential). 26 In addition, the STM allows large scan ranges enabling the investigation of potential modulations and extended defects over up to several tenths of micrometers. These advantages provide the most direct access to extended v-shaped defects in pure GaN epitaxial layers in comparison to other microscopic methods as discussed in more detail later.
For our cross-sectional experiments, the samples were cleaved in ultrahigh vacuum (1 Â 10 À8 Pa) along a m-plane [ð10 10Þ plane]. The cleavage opens a clean and adsorbatefree cross-sectional view of the overgrown epitaxial GaN layers. 27 For the XSTM measurements, we used electrochemically etched tungsten tips.
Figure 1(a) shows a constant-current XSTM image of a typical overgrown v-shaped defect exposed at a crosssectional GaNð10 10Þ cleavage surface. The [0001] growth direction is toward the right side of this cross-sectional STM image, showing the empty density of states. The cleavage surface exhibits terraces separated primarily by monoatomic steps. Some steps abruptly terminate at dislocations intersecting the cleavage surface (marked by circles in Fig. 1(a) ). [28] [29] [30] [31] [32] Superimposed on the stepped surface, a roughly periodical contrast change arising from a doping modulation can be discerned showing up as darker contrast. The orientation of the doping modulation exhibits sharp v-shaped cross-sections marked by v-shaped dashed lines in each period of the doping modulation (with an average periodicity length x mod ). These v-shaped corners, visible in the two-dimensional cross-section of the GaN epitaxial layers, arise from overgrown threedimensional inverted pyramidal pit structures at the growth surface delimited by six f11 22g inclined growth facets (schematically shown in Fig. 1(b) ). 23 The overgrown pits lead to vshaped defects extending along the c direction. Note, the cross-sectional cleavage planes cut through the v-shaped defects typically at some off-center position. Hence, the edge between two adjacent f11 22g planes leads to the observed vshaped corners in the ð10 10Þ cross section in the STM images.
The important point is the determination of the spatial positions of the individual v-shaped corners in the two dimensional cross-sections with progressing growth. The layers at the left hand side of Fig. 1 (a) were grown first, with the growth direction toward the right hand side. Hence, the location within the epitaxial layer in Fig. 1(a) yields the spatial position of the v-shaped corners as a function of the progressing growth. The v-shaped corners in each layer form a line extending along the growth direction as indicated by a dotted straight line in Fig. 1(a) . This is consistent with the extension of the v-shaped defects along the c direction. However, at a closer look the v-shaped corners suddenly deviate from the dotted line by lateral displacements along the ½1 210 direction labeled d 1 , d 2 , and d 3 . Lateral displacements d from the average position of the v-shaped corner of up to 0.5 lm were observed. Despite the existence of those lateral displacements, the angle of the cross sectioned inclined facets of the v-shaped defects is not changed. Hence, the three-dimensional geometrical shape (i.e., an inverted pyramidal shape delimited by six f11 22g planes with an opening angle on the crosssectional m-plane of a ¼ 101. 8 ) 23 of the v-shaped defect is not changed. This suggests that the position of the center of the overgrown v-shaped defects or of the inverted pyramidal pits at the growth surface shifts spatially perpendicular to the growth direction. This leads to a spatial fluctuation of the edge between two adjacent f11 22g inclined facets of the inverted pyramidal pit. Hence, the lateral displacements of the v-shaped corners observed in the cross-sectional STM images trace the (in ð10 10Þ direction) projected spatial shifts of the center of the v-shaped defect with progressing growth.
In order to quantify the degree of spatial shifts of the v-shaped defects, we measured the lateral displacements of the v-shaped corner within every doping modulation period.
For this purpose, several v-shaped defects were analyzed. The distortions due to the scanning tube of the STM have been corrected in every STM image to allow an accurate measurement of the distances and angles. 33 The resulting distribution of the lateral displacements d along the ½1 210 direction from the average position is shown in Fig. 2(a) . Note, the lateral displacements are geometrically limited, since successively grown layers need to have their v-shaped apex always within the inclined v-shaped facets of the previously grown layer. Otherwise, the v-shaped defect would terminate and another one would be nucleated at a neighboring position. Hence, the lateral displacement is measured in units of the maximal lateral displacement d max , which is given by half of the width of the cross-sectioned v-shaped defect d max ¼ x mod Â tan a % 1:2 lm at a height of one average modulation period x mod of %1 lm.
The distribution of the lateral displacements in Fig. 2 defects propagate along c growth direction. The width of the distribution of 0:27 Â d max % 0:32lm indicates a significant meandering within the maximum field of view of 20 lm used in the measurements. The frequency distribution of the jumps in the lateral displacement Fig. 2(b) ] shows that spatial jumps of up to 0.5 lm occur within one modulation period. Assuming a constant bending of the center line of the v-shaped defect, i.e., the position of the apex of the overgrown inverted pyramidal pit structure, the maximum bending angle in the ð10 10Þ projection would be in the order of 26 . Hence, v-shaped defects in GaN epitaxial layers exhibit a pronounced meandering.
At this stage, we discuss the origin of the observed meandering of the v-shaped defects. In an ideal dislocation-free GaN material no strain field is present and hence a v-shaped defect should not undergo any lateral displacements with progressing growth. The spatial position would be only determined by the growth speeds on the different facets. Since the six delimiting f11 22g facets should have equal growth speeds, the inverted pyramidal pit at the growth surface should either deepen or flatten out, depending on the relative growth speed along the f11 22g and {0001} directions. However, in hydride vapor phase epitaxy grown GaN inverted pyramidal v-shaped pits are known to form at growth instabilities, such as impurities, droplets, and/or defects. 22, 34 These induce strain fields. Hence, it can be expected that growth instabilities act as nucleation centers of dislocations around which the v-shaped defects form. Thus, the assumption of strain free material, as made above, is not fulfilled. During progressing growth, the v-shaped inverted pyramidal pit is overgrown and its apex should follow the intersection point of the dislocation at the growth surface at any moment during growth. Therefore, we need to discuss the line directions of the dislocations.
There are three types of threading dislocations in GaN epitaxial layers: First, initially pure edge dislocations with a 3 h11 20i-type Burgers vectors (a-type dislocations) are usually bent toward the non-polar directions 9,24,35-37 since their lowest energy state is for a 90 bending. 38 Second, dislocations with an a 3 h11 2 63c a i Burgers vector (components along the a-and c-directions, a þ c-type dislocations) have a significantly lower concentration [39] [40] [41] due to the higher energy related to the longer Burgers vector. 42 Third, pure screw dislocations with a Burgers vector of 6c[0001] (c-type dislocations) exist. Their energy should be lowest with a line direction along the c direction. 38 Hence, they are likely to propagate through the entire epitaxial layer during overgrowth, always intersecting with the growth surface. 29 It can be expected that this type of dislocation is present at the center of the v-shaped defects.
Although the energy of c-type screw dislocations with 6c[0001] Burgers vector should be lowest with a line direction parallel to the Burgers vector (or c direction), the dislocation line may deviate from this preferred orientation. Thermally induced kinks of the dislocation line can increase the entropy and hence lower the free energy, an effect relevant especially at high temperatures, such as those occurring during GaN growth. 43 This may induce a meandering of a dislocation around its preferred line direction. However, the large jumps in the lateral displacement of up to 0.5 lm observed here are unlikely to be explainable solely based on entropy effects.
In order to explain large lateral displacements, we need to consider the glide and interactions of dislocations. First, ctype screw dislocations with 6c[0001] Burgers vector glide on the densest packed non-polar plane, i.e., ð10 10Þ, in h11 20i direction. This slip system is compatible with the observed meandering. Second, threading dislocations will interact with strain fields in the material, which induce gliding of dislocations. Since dislocations were found to form agglomerations in GaN epitaxial layers with densities ranging from 0 þ4Â10 6 À0 to ð662Þ Â 10 7 cm À2 (considering a 5 Â 5 lm 2 mesh), 24 the magnitude and orientation of the surrounding strain fields will fluctuate and hence the degree of interaction. For example, it has been shown by electron tomography that threading dislocations interact with bundles of dislocations in GaN. 44, 45 Thus, depending on the local distribution of strain fields, the force on the dislocation line can be expected to fluctuate along the c direction and hence the amount of slip of the different sections of the dislocation line. Hence, fluctuations in the strain fields may indeed induce a meandering of screw dislocations.
If the material contains strong gradients in the strain field due to mismatched layers, such as in InGaN/GaN superlattices, the gradients of the strain field due to the superlattice may push the dislocation to align with the superlatticeinduced strain field gradient. In our case, the Si modulation doping induces a strain field gradient comparable to the strain introduced by only %0.1% of In in GaN, as calculated using the Si and In induced lattice constant changes of GaN. 25 Hence, the doping induced strain field is negligible, here.
A meandering of a screw dislocation induces spatial shifts of the intersection point of the dislocation line at the growth surface. The apex of the inverted pyramidal pit at the growth surface can be expected to follow these spatial shifts. Hence, with progressing growth, the apex of the overgrown v-shaped defect meanders too, tracing the dislocation line. In the cross-sectional view, the meandering of the apex of the v-shaped defect shows up as lateral displacements of the vshaped corners as observed in Fig. 1(a) . Thus, the measured pronounced displacements of the v-shaped corners in the cross-sectional STM images suggest that the dislocation line exhibits a significant bending reaching in ð10 10Þ projection the order of 26 . It would desirable to simultaneously image the dislocation(s) within a v-shaped defect and the v-shaped defect itself. However, this task is extremely tempting: The main drawbacks are that STM cannot detect dislocations lying entirely in the bulk material. 24, 32 On the other hand, conventional transmission electron microscopy (TEM) cannot image the shallow doping Si modulation in pure GaN due to the small Z difference of Si and Ga. Furthermore, the doping modulation induces a potential modulation smaller than 10 meV, as derived using Ref. 25 . Detecting this by electron holography in TEM is extremely tempting due to the need of a large sample view of several lm 2 with well defined and known sample thickness and due to systematic errors limiting the accuracy of the potential determination to the range of 100-200 meV. 46, 47 Finally, the sample preparation and the high energy electron beam lead to damaged layers as thick as 100 nm which modify the potential by introducing defect states. 47 Thus, at present, one can only image the dislocations or the v-shaped defects separately.
In conclusion, cross-sectional scanning tunneling microscopy of GaN epitaxial layers showed that overgrown vshaped defects exhibit a pronounced meandering around their average orientation in c (growth) direction. The meandering is suggested to arise from the tracing of a meandering threading dislocation at the center of the v-shaped defect. The interaction of the dislocation with the surrounding inhomogeneous strain field is related to the meandering of the dislocation line. A quantitative analysis of the lateral displacements of the v-shaped defects allows to estimate the degree of bending of the dislocation line.
